Pyocin Ri, a bacteriocin of Pseudomonas aeruginosa, inhibited active transport of proline in the presence of high concentrations of malate and magnesium salt. Pyocin Ri did not affect the respiration of sensitive cells nor induce cell lysis, but it caused a decrease in the intracellular ATP level. In addition, a passive inflow of [14C]thiocyanate anion, a probe of membrane potential, was induced by pyocin Ri, showing a depolarization of the cytoplasmic membrane. It is considered that membrane depolarization is a primary action of pyocin Ri.
Pyocin Ri, a bacteriocin of Pseudomonas aeruginosa, inhibited active transport of proline in the presence of high concentrations of malate and magnesium salt. Pyocin Ri did not affect the respiration of sensitive cells nor induce cell lysis, but it caused a decrease in the intracellular ATP level. In addition, a passive inflow of [14C]thiocyanate anion, a probe of membrane potential, was induced by pyocin Ri, showing a depolarization of the cytoplasmic membrane. It is considered that membrane depolarization is a primary action of pyocin Ri. Pyocin Ri is a bacteriophage tail-like bacteriocin (with a contractile sheath) which is produced by Pseudomonas aeruginosa (7, 8) . After the adsorption to the outer membrane of a sensitive cell, a pyocin Ri particle undergoes sheath contraction and core penetration through the outer membrane (K. Amako, personal communication) and causes an increase in permeability of the membrane to hydrophobic solutes (17, 19) . Inhibition of.active transport and macromolecular synthesis occurs and finally the cell dies (6, 10) . On the other hand, the membrane electron transfer system is not affected by pyocin Ri treatment, although oxygen uptake for certain substrates is interfered with as a result of inhibition of active transport (9, 10) . In addition, it has been found that a number of pyocin particles added to a cell decrease the turbidity of the cell suspension because of cell lysis but that the presence of a high concentration of magnesium represses the pyocin Ri-induced cell lysis (6, 10, 19) . The inhibitory action of pyocin Ri on active transport has not been investigated in detail under combined conditions in which respiration continues and cell lysis is repressed. Recently it has been demonstrated that colicins El, Ia, and K, bacteriocins of Escherichia coli, inhibit active transport in sensitive cells and depolarize the membrane potential formed across the cytoplasmic membrane (2, 15, 20) . In the present paper, we examine the effects of pyocin Ri on membrane potential and active transport in a sensitive cell under conditions in which respiration was maintained and cell lysis was not caused. Pyocin Ri caused depolarization of the cytoplasmic membrane in addition to inhibition of active transport.
MATERIALS AND METHODS
Bacterial strains and media. P. aeruginosa PML14 and PML15 were used as a pyocin Ri-sensitive strain and a pyocinogenic strain, respectively. Strain PML14 cells were grown aerobically at 37°C in a growth medium containing 20 g of sodium glutamate, 5 g of glucose, 5.63 g of Na2HPO4 12H20, 0.25 g of KH2PO4, 0.1 g of MgSO4 -7H20, and 0.5 g of yeast extract per liter. At early to middle exponential phase the bacteria were harvested, washed twice with a solution of 0.1 M NaCl-50 mM MgCl2-10 mM Tris-hydrochloride (pH 7.4) unless otherwise noted, and resuspended in the same solution. The solution is referred to as the suspension solution.
Preparation of pyocin Rl. Pyocin Ri was purified from * Corresponding author. 632 lysates of strain PML15 cells treated with mitomycin C by the method of Kageyama (8) . Killing activity of pyocin Ri was determined by counting the survival of cells after pyocin treatment.
Preparation of membrane vesicles. Membrane vesicles were prepared from pyocin Ri-treated cells by the procedure At intervals, 50-ixl samples were diluted with 5 ml of the suspension solution, filtered through Millipore filters (HA type, 0.45-,um pore size), and washed once with the same solution. The transport activity of pyocin Ri-treated cells was assayed 5 or 10 min after pyocin Ri was added to the cell suspension preincubated with malate. The transport assay of membrane vesicles was carried out at 26°C by the method of Hoshino and Kageyama (4), using 20 mM sodium malate as an electron donor.
To determine the amount of proline incorporated into a trichloroacetic acid-insoluble fraction, a 50-,I portion of the cell suspension was pipetted out into 5 ml of 10% cold trichloroacetic acid at the indicated time and left on ice for 10 min. Precipitates were entrapped by a membrane filter and washed once with 5 ml of 5% trichloroacetic acid. The radioactivity entrapped by the membrane filters was determined after drying them with a gas flow Geiger counter, type LBC-451 (Aloka, Tokyo, Japan).
Respiration measurement. Oxygen consumption was measured polarographically with a Clark-type oxygen electrode YSI-5331 (Yellow Springs Instrument Co., Yellow Springs, Ohio). The cell suspension (2.5 ml) was stirred in a thermostated vessel at 30°C during the measurement. ATP determination. ATP content of cell suspensions was determined by luminescence reaction with a highly purified luciferin-luciferase reagent, using the photon counter of a Lumac biocounter M2010 (Lumac B.V., The Netherlands). Washed cells were aerated at 30°C for 6 min after the addition of 20 mM potassium malate, and then pyocin Ri of the cell extract was diluted with 390 ,ul of distilled water, and 100 ,u1 of the freshly prepared solution of the luciferinluciferase reagent Lumit was added to the above mixture. Immediately, luminescence was counted for 10 s at room temperature.
Measurement of membrane potential. The membrane potential of cells was measured by downhill influx of [14C]thiocyanate anion into the cells (5) . Cells were concentrated up to ca. 2 x 1010 cells per ml by centrifugation. Cell suspension (2 ml) was preincubated in the presence of 20 mM malate for 2 min at 30°C with vigorous stirring, and then 1. 
RESULTS
Effect of pyocin Rl on respiration. The effect of pyocin Rl on the respiration of sensitive cells was first examined in the presence of 50 mM MgCl2 but without the addition of respiratory substrate (Fig. 1A) . The cells harvested from the growth medium continued to respire in the suspension solution lacking nutrients for growth and substrates for respiration. The addition of pyocin Rl to the cell suspension repressed respiration, and the respiration rate after the pyocin Rl addition decreased with increasing concentrations of pyocin Rl examined in the presence of 20 mM potassium malate as a respiratory substrate (Fig. 1B) . The respiration of harvested cells was enhanced several times by the addition of malate. The enhanced respiration was not affected by the pyocin Rl addition. On the other hand, the respiration was stopped within a few minutes after the addition of 20 mM KCN. Inhibition of proline uptake by pyocin R1. The effect of pyocin Rl on cellular active transport was examined by using radioactively labeled proline ( Fig. 2A) . Whole cells accumulated proline to form a fairly large pool, although a portion of proline was incorporated into an acid-insoluble fraction corresponding to macromolecules such as proteins.
The addition of pyocin Rl or 20 mM KCN caused a rapid efflux of the accumulated proline and an inhibition of macromolecular synthesis. Cells pretreated with pyocin Rl for 5 min did not transport proline into the intracellular space (Fig. 2B) . Membrane vesicles were prepared from the pyocin Ritreated cells whose active transport of solutes was inhibited, and then their residual transport activities were assayed ( Fig. 3 ). Asparagine and leucine were used as transported solutes instead of proline, since these amino acids were much more effectively accumulated into membrane vesicles than proline (4) . The uptake of asparagine and leucine by whole cells was inhibited almost completely by the pyocin Rl treatment (Fig. 3A and C) , whereas membrane vesicles prepared from the same preparation of the pyocin Ri-treated cells accumulated these amino acids approximately one third as much as did vesicles from untreated cells ( Fig. 3B and D) . Membrane vesiculation of pyocin Ri-treated cells thus restores lost activity of active transport to a considerable extent.
Effect of pyocin Rl on membrane potential. The membrane potential, interior negative, was measured by passive inflow of lipophilic anion, thiocyanate ion (SCN-). The measurement of membrane potential with lipophilic tetraphenylmethylphosphonium cation, which was used widely as a probe of membrane potential, was unsuccessful in P. aeruginosa, since the intact cell envelope of sensitive cells seemed to be impermeable to the cation and the cells were killed by Tris- EDTA treatment, which made the outer membrane permeable.
Intact respiring cells scarcely accumulated SCN-anion in the cytoplasmic space, but the addition of pyocin Ri caused a rapid influx of the anion which ended within a few minutes (Fig. 4) . The intracellular space was estimated to be 1.6 ,ul per 1010 cells, assuming that the whole cytoplasmic space of the pyocin Ri-treated cells was equilibrated with the extracellular SCN-anion at the measured cell survival of 0.1%.
The membrane potential, A+, of the untreated cell was calculated to be -90 mV, according to the Nernst equation:
, where [SCN-jo and [SCN-]i are the concentration of thiocyanate at the outside and the inside of the cell, respectively, and R, T, and F have their usual meanings. The above result indicates that pyocin Ri dissipates the membrane potential from -90 mV to 0 mV. On the other hand, the addition of KCN caused a slow inflow of SCN anion (Fig. 4) . In the absence of magnesium chloride, a rapid inflow of the anion was induced by the addition of 50 ,uM carbonyl cyanide m-chlorophenyl hydrazone, an uncoupler of oxidative phosphorylation (data not shown).
Effect of pyocin Rt on intracellular ATP level. The intracellular ATP pool is formed in a constant flow from synthesis to consumption. The effect of pyocin Ri on the intracellular ATP level was examined. The addition of malate to untreated cells increased the content of intracellular ATP by 1.6 times during incubation. The ATP level reached a new stationary state within 5 min after malate was added. A rapid decrease in ATP content was caused by the addition of pyocin Ri or KCN to the cell suspension (Fig. 5 ). The decrease in ATP content present in the cell suspension represents a reduction of ATP amount contained in the intracellular space rather than a leakage from the inside of the cell to the medium. DISCUSSION In the presence of malate and high concentrations of magnesium chloride, the addition of pyocin Ri to sensitive cells did not cause the inhibition of cellular respiration, but it to respiration inhibition and cell lysis and confirm the conclusion of Kageyama that pyocin Ri treatment does not interfere with the electron transfer system (9) . The mechanism of action of pyocin Ri that results in transport inhibition should be different from that of potassium cyanide, since KCN inhibited not only the active transport but also respiration.
In the absence of malate, harvested cells continued to respire, probably consuming respiratory substrates present in the cytoplasmic space, but respiration was inhibited by the addition of pyocin Ri. The inhibition of respiration may be due to a release of the respiratory substrates to the 4- which had lost the transport activity, accumulated solutes, although the transport activity of such vesicles was lower than that of membrane vesicles from untreated cells. This result suggests that pyocin Ri may not damage active transport systems integrated in the cytoplasmic membrane. Pyocin Ri caused the dissipation of membrane potential in the presence of malate and magnesium salt. The membrane potential in an intact cell was measured by passive inflow of thiocyanate and estimated to be ca. -90 mV at neutral pH. It has been recently reported that whole P. aeruginosa cells generate the membrane potential of -165 to -190 mV at the neutral pH region (21) . The underestimation of the membrane potential calculated by us may be due to an inaccuracy of the estimated intracellular volume. However, it is certain that pyocin Ri caused a depolarization of the cytoplasmic membrane of at least 90 mV. According to the chemiosmotic theory of energy transduction and (bacterial) active transport (1, 3, 11) , a driving force for active transport and ATP synthesis is proton motive force, which is composed of proton chemical potential and membrane electrical potential. The proton motive force in an aerobic bacterium like P. aeruginosa is generated across the cytoplasmic membrane by functioning of respiratory chain system (1, 3, 13) . Inversely, the dissipation of the proton motive force results in inhibition of active transport and ATP synthesis. The membrane depolarization induced by pyocin Ri strongly suggests that the proton motive force should be dissipated by pyocin Ri. Therefore, it is considered that membrane depolarization occurs before the inhibition of active transport. In this respect, the action of pyocin Ri that causes the depolarization of the cytoplasmic membrane is similar to that of membrane-depolarizing colicins El, K, and Ia (2, 15, 20) .
The result of SCNinflow experiments for the measurement of membrane depolarization showed rapid entry of the anion after the treatment with pyocin Ri and slow influx after the addition of KCN. The latter result seems to suggest that the membrane depolarization induced by KCN may occur slowly. However, this respiratory inhibitor rapidly caused not only the complete inhibition of respiration and active transport but also the efflux of accumulated solutes. In addition, the generation of proton motive force for active transport and ATP synthesis in P. aeruginosa cells is solely dependent on the respiratory chain system (1, 3, 13) . It is therefore considered that KCN should also depolarize the membrane at a faster rate than that observed. Recent studies of colicins El, K, and Ia, which cause membrane depolarization, have provided evidence that these colicin molecules possess an ion channel-like function (12, 16, 18) . From the above result, it is likely that pyocin Ri may also form the ion channel across the cytoplasmic membrane.
An intracellular ATP level is maintained in a constant flow from synthesis to consumption of ATP. The ATP level was decreased by the addition of pyocin Ri as well as KCN. As described above, pyocin Ri or KCN appears to dissipate the proton motive force, resulting in the inhibition of ATP synthesis. Therefore, the decrease in cellular ATP pool shows that ATP consumption proceeds after ATP synthesis is inhibited by pyocin Ri or KCN.
